Controlled atmosphere storage allows for the long-term and short-term storage of fruit without a significant decrease in quality, resulting in a longer shelflife of fresh fruit. The Department of Horticulture at the West Pomeranian University of Technology in Szczecin conducted research on the effects of post-harvest precooling (3-4°C within two hours) and storage conditions (conventional cold room and controlled atmosphere storage) on fruit firmness, chemical composition, colour and weight loss.
INTRODUCTION
Highbush blueberry is mainly grown in Chile, Canada, the USA, Australia and New Zealand. Blueberry plantations can also be found in Europe, especially in Poland (Strik 2005) . Acid peat soils with low pH (3.5-4.0) values and a stable groundwater level are especially recommended for the cultivation of this cultivar (Moore 1993) .
Berry size is of decisive importance for the consumer in choosing the product and for further use of the fruit. The main factors affecting the fruit quality are: cultivar, climate, growing conditions and degree of ripeness, but there are many other considerations that need to be taken into account. (Remberg et al. 2006 ). The choice of a cultivation technique affects the ripening season. It has been observed that fruits grown at organic plantations ripened later and contained higher levels of potassium, copper and iron, as well as nitrogen and phosphorus (Ochmian 2013) . Fruits with a higher calcium content are characterised by greater firmness (Fallahi et al. 1997) , which is an indicator of fruit quality, and therefore of fruit freshness. This is an important quality indicator, *Corresponding author.
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especially after the storage period. Rapid cooling (pre-cooling) of the fruits soon after harvest has a positive effect on their firmness (Ochmian et al. 2015 in press). The increased content of CO 2 and lower O 2 reduces yield losses, especially the crop mass during storage (Alsmairat et al. 2011) . Losses are much smaller in CA cold rooms in comparison with ordinary ones (Chiabrando et al. 2009 ). It is recommended that the CO 2 partial pressure be maintained between 8 and 15 kPa and O 2 levels are maintained above 2 to 4 kPa. The content of anthocyanins in the fruit also depends on the conditions in which it is stored, and its physiological state (Häkkinnen et al. 2000) .
There are difficulties in ensuring that fresh fruit is transported on a regular basis, especially over long distances, and is in constant supply. As a result, serious damage and losses occur, which may be mitigated by reducing the risk associated with handling the goods by ensuring suitable packing and cooling conditions at the premises of the producer immediately after harvest, in addition to providing suitable storage conditions. The technique of rapid chilling is used for the treatment of fruits, including in particular berry fruits, immediately after harvest to ensure that the heat of the freshly harvested fruit is absorbed and the respiration rate, which causes the production of a significant amount of heat, is reduced to a minimum. Increasingly, the technique of vacuum cooling is used, which involves the rapid evaporation of water from the fruit in a relatively short time (Wang and Sun 2001) .
Fruits stored under controlled atmospheric conditions, especially with a low oxygen content, show a higher quality and more favourable chemical composition, including higher free radical (DPPH) scavenging capacities, than fruits stored in a conventional cold room (Krupa and Tomala 2006) .
The aim of the research was to investigate how the method of preparation for storage (shock-cooling after the harvest) and storage conditions (normal and controlled atmosphere) can affect the quality of 'Brigitta Blue' highbush blueberries, their physical characteristics and chemical composition.
MATERIAL AND METHODS
The studies were carried out in the Orchard Laboratory at the Department of Horticulture of the West Pomeranian University of Technology in Szczecin (Poland). Fruits of the Brigitta Blue cultivar were harvested at the stage of consumption maturity. Both the shock-cooled berries (temperature drop to 3-4°C) and not shock-cooled berries were then stored in a cold room with a controlled atmosphere (15; 5) or in a normal atmosphere. Berries were stored for six weeks at temperature of 2 ± 0.2°C and relative air humidity of 95%. The experiment was performed in five repetitions, each for 1.25 kg of berries.
Scheme of the experiment:
• 2 methods of fruit storage -normal atmosphere and controlled atmosphere (CA), • 2 methods of sample preparation -without shock cooling and shock cooling. The experiment was conducted at a 60 ha production plantation located in the area of Szczecin. Blueberry bushes were planted at a spacing of 2.0 × 1.2 m in podzolic soil of the VI valuation class.
The physical features of fruits (puncture of the skin and firmness) and titratable acidity, soluble solids, colour and L-ascorbic acid were measured on fresh berries. Phenolic samples then were kept frozen (-27°C) in polyethylene bags (3 × 250 g) until analysed.
Fruit colour was measured in a transmitted mode using a Konica Minolta CM-700d spectrophotometer. Measurements were conducted in the CIE L*a*b* system -the full nomenclature is 1976 CIE L*a*b* Space, International Commission on Illumination in Vienna [L* white (100) black (0), a* green (-100) red (+100), b* blue (-100) yellow (+100)] (HunterLab 2012), through a 10° observer type and D65 illuminant, with the aperture diameter measuring 3 mm. A handheld spectrophotometer equipped with photodiode array capturing the range 400-1100 nm was used for the non-destructive measurement of parameters (CP Pigment Analyzer PA1101 (produced by Control in Applied Physiology GbR., Germany). Spectra collected from CP PA1101 were used for calculating the Normalized Anthocyanin Index NAI = (I780 -I570)/(I780 + I570) (Zude 2003) .
Firmness and puncture resistance of the skin (G mm -1 ) was measured (in two axes of the fruit) with a FirmTech2 apparatus (BioWorks, USA), taken from100 randomly selected berries from each replicate and expressed as a gram-force causing the fruit surface to bend 1 mm. Punctures were made using a stamp with a diameter of 3 mm. Weight loss during postharvest storage was determined by subtracting sample weights from their previous recorded weights and presented as % of weight loss compared to the initial weight.
To obtain juice, the berries (three replicates of 150 g) were macerated at 50°C with the addition of the PT 400 Pektopol enzyme at a dose of 400 mg per kg of fruits for 60 minutes. After the completion of the enzymatic processing, the pulp was pressed using a hydraulic press at a pressure of 3 MPa (Oszmiański and Wojdyło 2005) . Measurements were performed in triplicate. Soluble solids (%) were determined with a PAL1 Konica Minolta refractometer. Titratable acidity (g 100 mL ) in the methanol (70%) extracts was estimated according to Singleton and Rossi (1965) with the Folin-Ciocalteu reagent. The data is expressed as mg of gallic acid equivalents (GAE) per 100 g of fruit tissue.
In order to determine the significance of differences, a two-factor analysis of variance was carried out, followed by the assessment of the significance of differences using the Tukey' test. Differences between the means at p = 0.05 were considered significant. The statistical analyses were performed using the Statistica software.
RESULTS AND DISCUSSION
Domestic fruits of highbush blueberries are only available for a short period of time; therefore, they are kept in storage to extend the period. Blueberry fruit can be stored in cold rooms for as long as eight weeks (Krupa and Tomala 2006) . Post-harvest handling and storage conditions affect the quality of the fruits. Fruit firmness is considered to be a fruit quality indicator. Other quality indicators include fruit resistance to mechanical injuries during harvest, sorting, packing and transport. The research showed that both the rapid cooling of fruits after harvest and the conditions under which they are stored affect the investigated characteristics. Fresh fruits were found to be the most firm (both along the vertical axis [fruit height] and horizontal axis [fruit diameter]) and more resistant to damage (Tab. 1). Regardless of which method of storing or preparing for storage was selected, fruit firmness was adversely affected. Fruits kept in cold storage were found to be 17% less firm than the fresh fruits. During storage, highbush blueberries may become less firm than fresh fruits by up to a few dozen per cent (Yang et al. 2009 ). However, it was found that fruits pre-cooled after harvest and stored under controlled atmosphere conditions were firmer and more resistant to damage. This provides evidence that in the case of fruits, and in particular berry fruits, rapid cooling after harvest is crucial to obtaining positive results. This is also supported by the findings that the fruits that were subject to this process were characterised by lower weight loss during storage (1.5%). Equally positive results were reported for fruits stored under controlled atmosphere conditions, with weight loss at a similar level (1.6%). Fruits that were rapidly cooled after harvest and stored under CA (controlled atmosphere) conditions were the least affected in terms of weight loss. After six weeks of storage, the fruits lost 1.1% of their initial weight, while the (Alsmairat et al. 2011 ) in comparison to the conventional cold room, where losses reached 6.7% (Chiabrando et al. 2009,Chiabrando and Giacalone 2011) . After being stored for a few days in a conventional cold room, blue-berried honeysuckle fruits and strawberries lost 2.5% of their original weight (Ochmian et al. 2008 , Ochmian 2007 . Vitamin C, i.e. ascorbic acid, is considered suitable for the treatment of many diseases (Verrax and Calderon 2008) and is important for the functioning of the human body, as it removes free radicals that inhibit metabolism (Linster and Van Schaftigen 2007) . Polyphenols are of equal importance as they provide protection against free oxygen radicals, as well as UV radiation (Link et al. 2010) . Freshly harvested berries were found to have the highest content of ascorbic acid (136 mg 1000 g ). The greatest losses were found to have occurred in fruits that were not subject to rapid cooling, and especially those stored in a conventional cold room. The degradation of ascorbic acid in food products is a widespread phenomenon and depends on many factors, including temperature and storage time (Martí et al. 2009, Santos and Silva 2008) . Following a 12-month storage period in a frozen stage, the content of vitamin in the fruits decreased and ranged from 41 to 71 mg 1000 g -1 , depending on the cultivar (Skupień 2006a). The vitamin content in the fresh fruits depends on the cultivar and cultivation techniques, but also on the ripening phase of the fruits, and may range from 71 to 279 mg 1000 mL -1 (Castrejón et al. 2008 . The content of anthocyanins in the fruit depends on the length of the storage period and the storage conditions. The extension of the period led to a decrease of anthocyanins (Krupa and Tomala 2006) . Similarly, after a 12-month storage period in a frozen state, the polyphenol content in the fruits decreased, ranging from 218.7 to 307.5 mg 100 g -1 (Skupień 2006a).
However, the research did not provide any evidence to suggest that the storage conditions and the method of preparing fruits for storage had any significant impact on the soluble solids (14.2-14.5%) and acidity (0.92-0.95 g 100 mL -1 ) of the highbush blueberry variety (Tab. 2). The lack of changes in soluble solids as well as in titratable acidity during the storage process was also noted by Chiabrando et al. (2009) . Only the fruits that were stored in a conventional cold room showed an increase in the soluble solids, though it could have been caused by the biggest loss of water during storage, resulting in the concentration of the soluble solids. The amount of extract in blueberries depends on the cultivar and Ochmian et al. 2009 , Yang et al. 2009 ).
The colour of the fruit surface changed during storage. Change of colour mainly depends on storage conditions (Inaba and Crandall 1986, Kader and Ben-Yehoshua 2000) . During storage, the fruits changed their peel colour, as defined by the following parameters: CIE L*a*b* (Tab. 3). During storage, the fruits darkened in colour compared to the fresh fruits, as demonstrated by the parameter value L*. These L* parameter cherries decreased during storage, mostly at room temperature (Gonçalves et al. 2007 ). When parameter value b* was on the increase, the fruit peal changed colour to blue due to an activity of the anthocyanin compounds. These changes were mainly caused by the lack of rapid cooling of the fruits and by the fact that the fruits were stored in a conventional cold room -the extent of changes increased. The research revealed that the value of the normalised anthocyanin index for these fruits had changed the most -0.721 (Tab. 3) -and that the fruits contained the smallest amount of total polyphenols -185 mg per 100 g (Tab. 2). NAI was also found to decrease during the storage of apples (Kuckenberg et al. 2008) . A normalised anthocyanin index was used for the evaluation of apple peel anthocyanin content (Solomakhin and Blanke 2007). The present author's own research also showed that the normalised anthocyanin index used for highbush blueberries was highly correlated with the content of polyphenols (r = 0.83 *). Reque et al. (2014) found that during the long-term storage of blueberries, an average of 59% of anthocyanin compounds had degraded. This finding is also supported by the observations made by Krupa and Tomala (2006) that the content of polyphenol tends to decrease during the storage of blueberries.
CONCLUSIONS
1. To keep the high quality of highbush blueberries fruits, they must be immediately cooled after harvest and stored in a cold room with a controlled atmosphere. The fruits stored in a col d room under a controlled atmosphere were the least affected in terms of their firmness, content of ascorbic acid and polyphenolic compounds and mass loss. It was found that rapid cooling (pre-cooling) immediately after harvest had a positive influence on the fruits. 2. The storage period caused a decrease in the value of the normalised anthocyanins index, which was highly correlated with the polyphenol content. The anthocyanins index may be useful for the assessment of the content of polyphenolic compounds in fruits. 
